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ABSTRACT Measurement of f luorescent lifetimes of dye-
tagged DNA molecules reveal the existence of different con-
formations. Conformational f luctuations observed by f luo-
rescence correlation spectroscopy give rise to a relaxation
behavior that is described by ‘‘stretched’’ exponentials and
indicates the presence of a distribution of transition rates
between two conformations. Whether this is an inhomoge-
neous distribution, where each molecule contributes with its
own reaction rate to the overall distribution, or a homoge-
neous distribution, where the reaction rate of each molecule
is time-dependent, is not yet known. We used a tetramethyl-
rhodamine-linked 217-bp DNA oligonucleotide as a probe for
conformational f luctuations. Fluorescence f luctuations from
single DNA molecules attached to a streptavidin-coated sur-
face directly show the transitions between two conformational
states. The conformational f luctuations typical for single
molecules are similar to those seen in single ion channels in
cell membranes.

Fluorescence correlation spectroscopy (FCS) allows the anal-
ysis of single-molecule events and their time correlations in
solution (1–6). Since the introduction of confocal excitation in
extremely small volume elements (2), single molecules can be
detected almost background-free in solution (3, 4). FCS has
opened the possibility to analyze the behavior of single mol-
ecules in relation to their ensemble averages. In particular
information can be obtained from the analysis of single
molecules that cannot be obtained from the ensemble average
alone.

As has been pointed out by Wang and Wolynes (7), prop-
erties found for the molecular ensemble such as the distribu-
tion of states can also be a property of a single molecule (the
homogenous case). Alternatively, the ensemble behavior can
be caused by a collection of individual molecules, each rep-
resenting a different state (the inhomogeneous case). Such
situations are likely to be found in biological systems as has
been put forward recently by Frauenfelder (8).

We have earlier been able to demonstrate the existence of
different conformational states in single molecules of M13
phage DNA (9) from the analysis of the exited state of
tetramethylrhodamine (TMR) linked to the DNA by a 6-atom
carbon linker and serving as a sensor for different conforma-
tional states of the DNA molecule. The redox potential
between aromatic dye molecules and purine as well as pyrim-
idine bases (10) leads in the case of rhodamine dyes to an
electron transfer from guanine to the dye that competes with
the photon emission from the excited singlet state of TMR (11,
12). The electron transfer is characteristic for guanine and
indicates that in one conformation electron transfer takes
place but not in the other. The time range of the observed
conformational transitions is in the millisecond region, point-
ing to the involvement of intercalative processes (13, 14). The

rates as measured in a molecular ensemble by FCS exhibited
a nonexponential behavior that could be best represented by
a ‘‘stretch’’ parameter (b 5 0.44) and indicates a distribution
of rates (9).

We show herein the results obtained by the measurement of
conformational transitions in a single DNA molecule that is
attached to a surface by a biotin–streptavidin interaction and
carries the TMR sensor. For this purpose a 217-bp DNA piece
was prepared by PCR. We are able to show fluorescence intensity
fluctuations in single DNA molecules in the range of hundreds of
milliseconds that are due to conformational fluctuations. They
are analogous to the single ion channel fluctuations that have
been observed by Neher and Sakmann (15).

We have been able to analyze the transition rates for
individual DNA molecules and compare their calculated re-
laxation rates with the situation found for the ensemble.
Within the time limit of observation set by the photochemical
lifetime of the TMR sensor (a few seconds), we find different
relaxation rates for different DNA molecules, supporting the
existence of an inhomogeneous distribution. An important
result of this study is the demonstration that molecular tran-
sitions in single biomolecules can be observed by optical
spectroscopy, in particular by FCS.

MATERIALS AND METHODS

Sample Molecule. By amplification with the PCR, a 217-bp
DNA product was obtained labeled with a tethered TMR
molecule on one end and a Biotin molecule at the other end.
In the PCR M13 mp18(1) strand DNA (7,250 bases) was used
as template. The primers used were 59-(TMR)-AAAGGGG-
GATCTGCTGCAAGGCG as forward primer (TMR linked
to the primer through a 6-carbon-atom linker) and biotin-
labeled 59-(Bi)GCTTCCGGCTCGTATGTTGTGTG as re-
versed primer. PCR buffer and PCR conditions were as
follows: The buffer contained 21.7 mM TriszHCl (pH 8.3), 41.7
mM KCl, 1.7 mM MgCl2, all four dNTPs (each at 166.7 mM),
5 units of Taq DNA polymerase, and 83 nM TMR- and
biotin-labeled primers. Denaturation was at 96°C for 30 s,
annealing was at 65°C for 60 s, and elongation was at 72°C for
120 s. Twenty-five cycles were run. (GenAmp PCR System
2400, Perkin–Elmor). After PCR, nucleotides and primers
were removed by centrifugation (Microspin s-200 columns,
Pharmacia).

Preparation of Streptavidin-Coated Coverslips. Coverslips,
170 mm thick, were first incubated in 10% solution of 3-
glycidyloxypropyl-trimethoxysilane in toluene for 24 h and
then in a streptavidin solution (50 mgyl) in carbonate buffer
(pH 9) for 72 h. Groups not occupied by streptavidin were
inactivated in 0.5 M Tris for 12 h (Fig. 1).

Fluorescence Decay (FD) and FCS Measurements. FD
measurements were carried out by time-correlated single
photon counting using a mode-locked and synchronously
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pumped dye laser (Coherent 200 Ar-Ion pump and Coherent
702 dye laser with cavity dumper) and a microchannel plate
photo multiplier (R1564U Hamamatsu) as detector (16).

The experimental setup for the FD and FCS measurements
has been described (2). A Zeiss 340 numerical aperature 0.9
objective was used providing the volume element with a 1-mm
diameter and 4-mm length. For the FCS measurements, some
complementations of the experimental setup were made. A
scanning table (ITK, Lahnau, Germany; MC-2000) was used to
move the coverslip relative to the volume element. The table
was moveable in three dimensions with 1-mm steps. FCS
measurements were taken with a digital correlator (ALV,
Langer, Germany; model ALV-5000). To reduce the bleaching
rate of the fluorophore, a reduced laser intensity in which the
average count rate of a TMR molecule did not exceed 1,500 Hz
was used.

To estimate the appropriate PCR product concentration to
be used during incubation on the surface and the probability
of a single molecule detection, 100 3 100 mm scans were
performed with the use of the scanning table and a multichan-
nel scaler (TennelecyNucleus, MCS-II version 2.091). The
scanning speed of the table was 7.8 ms per channel.

Analysis of PCR Product by FCS and Binding of DNA to
Coverslips. By FCS we estimated the DNA to free primer ratio
of the PCR product solution to .10:1 and the concentration
of DNA to 0.1 mM. By letting a 0.5 M NaCl solution of the PCR
product incubate with the coverslips for 20–60 min in a
vapor-saturated chamber, the sample molecules were attached
to the streptavidin surface through the biotin. DNA molecules
not bound to the surface were removed through washing in the
0.5 M NaCl buffer.

Single Molecule Measurements. In search for single mole-
cule fluctuations on the streptavidin-coated surface, a com-
puter program was written to control the table so that a large
number of measurements were carried out automatically. The
table moved one point on the surface into the volume element
after which correlation measurement was immediately started.
When the measurement was finished the table moved the next
point into the volume element and so on.

Data Analysis and Theoretical Models. In FCS, molecules in
a small open volume (0.2–2 fl) are excited by a green HeNe
laser (543.5 nm). From the fluorescence intensity, the auto-
correlation function (ACF) is calculated. Normally, FCS is
measured as the three-dimensional diffusion of molecules
through the volume element. In our measurements however,
the molecules were attached to a surface so all f luorescence
fluctuations originate from the change in fluorescence from

TMR when the conformational state of the molecule was
changed, and no fluctuations are due to diffusion of the
molecules. In the ACF, the fluorescence intensity at time t, I(t),
is correlated with the fluorescence intensity at time t 1 t. In
general the normalized ACF can be written as G(t) 5 ^I(t)I(t
1 t)&y^I&2, where ^ & indicates the time average. In the
experiments of Edman et al. (9), ACF data from measurement
of diffusing molecules undergoing conformational changes
were fitted to
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where N is the average number of molecules in the volume
element, td is the characteristic diffusion time of one molecule
through the volume element, v1 and v2 are the distances from
the center of the laser beam focus in the radial and axial
directions, respectively, at which the collected fluorescence
intensity has dropped by a factor of e2 compared with its peak
value, k is the reaction relaxation parameter defined as k 5 k1
1 k21, where k1 and k21 are the reaction rates in each
direction, b is the ‘‘stretch’’ parameter, and finally A 5 K[(1 2
Q)y(1 1 QK)]2, where K is the equilibrium constant between
the two states and Q is the quantum yield ratio of the two
states. For the measurements where the DNA molecules are
fixed on the streptavidin surface and hence are unable to
undergo lateral diffusion, the proper model is

G~T! 5 S 1
NDAe-~kT!b

1 1. [2]

In the case that the background intensity is not negligible as in
a situation where the fluorescence is measured close to a glass
surface, 1yN has to be substituted with Ny(N 1 NB)2 (17),
where NB is the number of molecules that would equal the
background fluorescence.

To analyze the distribution of relaxation rates behind the
stretch parameter b found in the earlier ensemble experiment
in solution (9), we derived the expression
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FIG. 1. (A) Final 217-bp PCR product. TMR is attached to the forward primer through a 6-carbon-atom linker and biotin is attached to the
reversed primer. (B) Schematic diagram of DNA attached to the coverslip.
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where N is the average number of molecules in the volume
element, ki is the relaxation rate, and pi is the average
contribution from the relaxation rate ki. For this analysis the
CONTIN algorithm (18) was used. CONTIN uses a constraint
regularization for parametrizing discrete elements (pi) of the
distribution function ( pi.

The fluorescence decay measurements were modeled as a
superposition of exponential terms,

I~t! 5 O
i

aie2tyti. [4]

The decay model was convoluted with the instrumental re-
sponse function, and the Marquardt–Levenberg nonlinear
least-squares algorithm (19) was applied for data analysis.

RESULTS

Single Molecule Detection of DNA. After applying a 0.01 pM
solution of the TMR- and biotin-labeled DNA on the strepta-
vidin-coated surface a 100 3 100 mm scan (20) for DNA was
performed (Fig. 2). The background intensity was 140 counts
per channel, and points exceeding 280 counts per channel were
selected.

To achieve single-molecule detection, we measured repeat-
edly on different spots on the surface. The results from the
100 3 100 mm scan were used to estimate the probability of a
single-molecule detection. Because of the Gaussian distribu-
tion of the intensity of the volume element, the effective width
of the trace covered by the volume element was 0.8 mm. The
spacing between each trace was 1 mm so the scan covered 30%
of the 100 3 100 mm area. The actual amount of molecules on
that area was, therefore, $150. With an effective measuring
area of the volume element of 0.5 mm2 and a total area of
10,000 mm2, the possibility of finding a single molecule was 1
in 120.

Photo Decomposition of Single DNA Molecules. We ana-
lyzed in 17 cases the photo decomposition of single DNA
molecules. With the reduced laser intensity used, the fluores-
cence intensity of a single molecule was 1–4 kHz above
background level. During a single-molecule measurement, the
fluorescence intensity stays on a constant level for a few

seconds and then drops instantaneously to background level
when the molecule is bleached (Fig. 3).

A histogram of the observation time of individual mole-
cules (Fig. 4) shows that the majority of molecules can be
observed during a time window of 1.5 s before bleaching
occurs. However, there are cases where observations are
possible up to 7 s. Since the observation time of single
molecules is related to the ensemble average of many
molecules, the photo decomposition of many molecules
attached to the surface at a nanomolar concentration was
measured. Instead of single-molecule traces, an exponential
decay is obtained with a time constant of 1.0 s at every spot
on the surface (Fig. 4).

Conformational Fluctuations. From the analysis of single-
molecule bleachings, it was clear that some molecules lived
long enough to enable detection of conformational f luctua-
tions. We measured clear cases of single-molecule fluctuations
of which three examples are shown (Fig. 5). In Fig. 5A, the

FIG. 2. Scan (100 3 100 mm) for single DNA molecules. A solution
containing 0.01 pM PCR product was used during incubation. Points
that exceed 280 counts per channel were selected from a background
intensity of 140 counts per channel.

FIG. 3. Three examples of single molecule bleachings. The fluo-
rescence intensity is constant until it instantaneously drops to back-
ground level due to bleaching.
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molecule is situated in the low-fluorescent conformation for
2 s and then makes a transition to the high-fluorescent
conformation, where it stays for 0.6 s, until it makes another
transition back to the low-fluorescent conformation and so on.
After a total of 6 s, the molecule is bleached.

In the experiments presented in ref. 9, the reaction rates
between the two states were measured as the contribution of
a chemical relaxation term to the autocorrelation function.
Because k 5 k1 1 k21 and the rate is equal to the inverse of
the time spent in one state before transiting to the other, the
relaxation rates for the three cases of single-molecule fluctu-
ations can be calculated. The results are

k1 5 4.9 6 1.8 s21, k2 5 7.4 6 2.1 s21,

and k3 5 1.2 6 0.2 s21,

where the errors are standard deviation of the mean.
In the case of the M13 DNA, the existence of two

conformational states could be demonstrated by the obser-
vation of two lifetimes for the TMR sensor of 3.7 ns and 0.86
ns (9). Similarly in the present case of the 217-bp DNA piece,
the two lifetimes evident in the FD measurement were t1 5
1.36 ns and t2 5 4.06 ns. Their relative amplitudes were 0.22
and 0.78, respectively. Models with one exponential term
failed to apply to the data, and models with three or more
exponentials did not improve the fit. The two lifetimes result
in a quantum yield ratio Q 5 t1yt2 of approximately 1y3 so
the difference in f luorescence of the two states should be a
factor of 3.

Ensemble and Single Molecule Relaxation. In the experi-
ments presented in ref. 9, the conformational relaxation had to
be described by a stretch parameter, b 5 0.44, indicating
processes in complex systems with a broad distribution of rates
(21, 22). In a fit of a single DNA molecule experiment to Eq.
2, we found for b a value of 0.83 6 0.09 (Fig. 6A), indicating
a narrow distribution that for b 5 1 is of Dirac type. The
distribution of relaxation rates from the ensemble experiment
(9) has been evaluated according to Eq. 3 and shows a
maximum k value of around 20 s21 and is skewed toward higher
rates (Fig. 6B). As a comparison, the relaxation rates of three
cases of conformational f luctuations are inserted. They are
found within the distribution of relaxation rates at about the
half value of the maximal relaxation rate found in solution
studies. In this comparison, it should be noted that the sample
used in ref. 9, where a molecular ensemble was measured, had
a somewhat different primer than the one we used. Also, our

molecules were attached to a surface whereas theirs were
diffusing freely.

DISCUSSION

A prerequisite for the observation of single molecule phenom-
ena is a sufficiently photochemical stability of the fluorescent
tag used to sense the conformational transition. The photo-
chemical lifetime during which a molecule still can emit
photons is determined by its photophysical properties and
environmental conditions (23, 24). In the case of single TMR
molecules, the molecule emits photons until it is suddenly
destroyed (bleached). We have been able to detect several
clear cases of single-molecule bleachings that occur with a
single-step transition (25). The data from the many molecule

FIG. 4. Histogram of the 17 single-molecule bleachings. Exponen-
tial curve with decay time of 1.0 s is also shown.

FIG. 5. Three cases of conformational f luctuations in single DNA
molecules. For example in B, the molecule starts out in the high-
fluorescent state (TMR is far from guanosine), switches after 0.6 s to
the low-fluorescent state (TMR close to guanosine), and after another
0.2 s switches back to the high-fluorescent state. The fluctuations
continues until bleaching occurs.
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measurements were used to estimate the probability of finding
a long-lived molecule.

The exponential decay of many molecules can be described
as

I~n! 5 I0e2n/n, [5]

where n is the number of excitations per molecule and n is a
characteristic number of excitations after which e21 of the
population still exists. Since the number of excitations n is
proportional to the time t and excitation rate ke, n 5 ket, the
time dependent intensity is given by

I~t! 5 I0e2t/t, [6]

with the bleaching time t 5 nyke.
Using the normalized exponential decay with an average

decay time of 1.0 s for estimating the possibility of finding a
long-lived molecule gives that 64% of all molecules should
fluoresce less than 1 s and 95% less than 3 s. Thirty percent of
our single-molecule detections lie outside this range, indicating

the existence of molecules with different photo stability. In
certain experiments involving many molecules, a long-lifetime
(5.0 s) population was found in addition to the short one (1.0
s).

Our measurements directly show fluctuations between two
conformational states of a single DNA as sensed by a fluo-
rescent dye on a linker. Aromatic dyes have been shown to
accept electrons from other aromatic ring systems with an
appropriate redox potential (8). For TMR and related rhoda-
mine dyes such as Rh6G, this is only the case with guanine
(10–12). In the case of a stack between Rh6G and guanosine
in aqueous solution the lifetime of Rh6G has been reduced
from about 3.9 ns to 200 ps (12). Depending on its distance and
relative position to TMR, the guanine base will compete for
the emission of photons from the excited state of TMR
reducing its singlet lifetime.

In the present case, the TMR on its 6-carbon linker can
experience the vicinity of several guanines in the sequence of
the forward primer. In the analysis of f luorescence lifetimes,
we find two components with 4 and 1.3 ns that must be
explained by the TMR far away from the guanine bases and by
the TMR close to them. Although we have not observed the
200-ps component observed with Rh6G–guanine stacking in
water, we are not able to exclude faster components below 50
ps. From the results reported earlier (9), we concluded from
the time range of the transition between the two states (30 ms)
that intercalation of TMR between nucleotide bases including
the guanine might occur (13, 14). We cannot exclude even
other modes of unstacking of bases combined with partial
stacking with TMR as a result of hydrogen bond breakage,
base flipping, and exposure during the breathing of a DNA
duplex (26, 27).

To estimate the fluorescence intensity of a single molecule,
we measured the three-dimensional diffusion in a hanging
droplet (2). The fluorescence intensity of a molecule at a
certain instant depends on its conformational state and its
position and excitation in the volume element with a Gaussian
intensity distribution. Therefore, the maximum fluorescence
intensity is about three times higher than the average. Also, the
fluorescence intensity of the two conformational states differ
by a factor of three. We measured an average fluorescence
intensity per molecule of 1 kHz. Due to these considerations,
the f luorescence intensity for a molecule in the high-
fluorescent state positioned at the center of the volume
element should be approximately 4 kHz. This is in agreement
with the measured single molecule fluctuations where the
intensity differences are 3, 2, and 1 kHz, respectively, between
the high- and the low-fluorescent states. In three-dimensional
diffusion measurements, the signal-to-background ratio is
usually 1,000:1 (3, 4). In our measurements, however, the
molecules are attached to a surface so the volume element
needs to be at the surface. This reduces the high signal-to-
background ratio to the order of 1:1 and makes a discrimina-
tion of the intensity of the lower-f luorescent state from the
background radiation difficult.

It has to be considered whether the intensity f luctuations
could originate from something other than conformational
f luctuations. Alternative processes relevant in this case are the
translational, rotational, and bending motions of the DNA
molecule. Since the characteristic diffusion time of the DNA
through the volume element is 400 ms, the result of an
occasional diffusing molecule would be a narrow intensity peak
(2). Rotational diffusion of the DNA molecule and of the
TMR on its linker would occur in the nanosecond and sub-
nanosecond time domain. The length of the DNA molecule (65
nm) is below the mean statistical length (persistence length) of
a DNA molecule (28). Bending motion occurs, moreover, in
the microsecond time scale (29). We therefore exclude the
possibility that the observed fluctuations are caused by known
hydrodynamic properties of DNA.

FIG. 6. (A) Autocorrelation of the fluorescence intensity of the
single-molecule measurement seen in Fig. 5A and theoretical stretched
exponential curve of b 5 0.83. (B) Distribution of pi from a fit of the
stretched exponential data from ref. 1 to Eq. 3 with the relaxation rates
of the three cases of conformational f luctuations seen in Fig. 5
inserted.
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Fluorescence fluctuations on different time scales in single
dye molecules on surfaces such as glass or polymethylmetha-
crylate have been observed by near and far field microscopy
(30–33). These are spectral f luctuations of which the origins
are still under debate (34). In our case the dye tethered on a
1-nm linker to the isolated DNA molecule is more than 60 nm
away from the surface to which the DNA molecule is bound.

The fluorescence fluctuations in Fig. 5 exhibit large simi-
larities with those measured for current fluctuations in single
ion channels (15). In these measurements carried out with the
patch-clamp technique the conductance switches suddenly
between two states, an open and a closed one. Channels with
different opening and closing rates and channels operating in
different modes have been observed (35). A large body of data
regarding ensemble averages and single channel noise exists
(36) and the question of homogeneous or inhomogeneous
operation can be addressed.

Proteins undergo complex folding reactions starting from a
linear polypeptide chain to reach the final low energy state of
a folded protein via innumerable intermediates. It is thus likely
that the folding pathway for different protein molecules is
different and leads to an end product with differences in their
performance. In terms of Frauenfelder’s substate model (8,
22), the energy surface is due to the existence of different
activation barriers in different protein molecules. Indications
in this direction are also studies on the enzymatic turnover of
single enzyme molecules (37).

In our DNA molecules, a distribution of molecular config-
urations including unpaired loops, unstacked bases after hy-
drogen bond breakage, local B–Z transitions, A and B con-
figurations, etc., can be envisaged (26). It is thus not surprising
that different transition rates between the states that the TMR
can sense are found.

Given the present time window of observation, our data
indicate that each DNA molecule does not have the same
nonexponential relaxation as was found for the ensemble. One
possible explanation is that each molecule has a characteristic
relaxation rate that for a large population results in the
distribution found for the ensemble. The other explanation is
that the reaction takes place in a very rough energy landscape
so that local transitions will yield exponential or slightly
nonexponential relaxations. Given enough time, the molecule
will in this case, however, experience different relaxation
modes, and the time average from a single molecule will be
identical to the ensemble average collected from many mol-
ecules (ergodicity). A final decision will depend on the ability
to analyze single molecules during time intervals of sufficient
lengths.

We summarize our present results as follows. (i) We dem-
onstrate that with fluorescence techniques, it is possible to
monitor conformational f luctuations in a single DNA mole-
cule in the same manner as single ion-channel f luctuations can
be measured. (ii) The method is of general nature and will
make it possible to do the same kind of measurements on a
large number of systems. (iii) Inhomogeneity is likely to arise
in a complex system such as the present system, which is also
the indication of our experimental data.
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